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RESEARCH MEMORANDUM

PRELTMINARY INVESTIGATION OF FLOW FLUCTUATIONS DURING
SURGE AND BLADE ROW STALL IN AXTAT-FLOW COMPRESSORS

By Merle C. Huppert

SUMMARY

A preliminary investigation of the flow fluctuations of surge and
blade row stall was conducted with three single-stage axisl-flow com-
pressors with hub-tip ratios of 0.9, 0.8, and 0.5 and a multistage
exial-flow compressor.

Flow fluctuations of large amplitude associated with stall were
detected in all compressors investlgated. The fluctuations were czused
by low flow regions affecting 25 to 40 percent of the annulus area and
propagating in the direction of compressor rotation, but at a lower
speed. Two gpparently distinet types of propegating stall were detected.
The first type consisted of & single stalled region with reversed flow
which occurred following a sharp drop in compressor pressure ratio. The
stalled region propagated in the direction of rotor rotation at spproxi-
mately one-third compressor speed. The second type consisted of several
equally spaced stalled regions associated with a progressive stall along
the rotor blade span. The stalled regions propageted in the direction
of rotor rotetion at approximately 85 percent of rotor speed.

Mild gudible surge was obtained with the single-stage compressors
with hub-tip ratios of 0.9 and 0.8. No audlble surge was detected with
the 0.5 hub-tip ratio stage.

A severe gudible surge was obtained with the multistage axisl-flow
compressor. The surge point was coincident with the sharp drop in pres-
sure ratio due to stall.

INTRODUCTION

Compressor surge ls generally considered to be the result of an
instability of the flow process in the compressor and the system to
which it is attached. The instability results in large flow and pres-
sure fluctuatlons that may produce vibrations and sudible sounds in the
compressorse and auxiliary system. The characteristie sudible sounds pro-
duced as well as the fluctuatlons in pressure measuring instruments have
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generally been used to detect the condition of surge in compressor per-
formence evaluation.

Surge is an important problem in Jet engine operation because of the
limit it imposes on engine starting and acceleratién. Ifasmuch as surge
is the low flow limit of the compressor, it may be erncountered during
engine acceleration if there is insufficient margin between the surge
limit line of the compressor and the equilibrium operating line of the Jet
engine. 1In some engines, particularly those having high pressure ratios,
the equillbrium operating line may cross the surge line at intermediate
rotative speeds.

Observations of the characteristics of the pressure fluctuations
within the compressor during surge (references 1 and 2) indicate that
the frequency and amplitude of the pressure fiuctuations are somevwhat
affected by the volume of the chamber between the compressor and 1ts out-
let throttle. 1In general, a decrease in volume resulted in a decrease
in the amplitude of the pulsation and an increase in the frequency, but
in no significant change of the weight flow at which surge occurred.

The conditions required for flow instability (surge) are studied
theoretically in references 2 to 4. 1In reference 2, it 1s reported
that, theoretically, surge is likely to occuf when the slope of the com-
pressor characteristic curve of pressure ratio sgainst weight flow at a
given rotational speed is positive, while the authors of reference 4
indicate that surge in multistege axial-flow.compressors may occur when
the slope is slightly negative. 1In general, a positive slope of the
compressor characteristic curve i1s caused by stall of all or part of the
bleding in the compressor. The slope of the over-all compressor charac-
teristic is approximately the average of the slope of the individusl
stages (see reference 5). TInasmuch as some of the stagés may be stalled
over a consldersble part of the surge-free operating range of a compres-
sor, stall is not a sufficient condition for surge, although stall gen-
erally exists in some part of the compressor at the surge point.

Recently it has been observed that blade row stall may produce
rather large flow fluctustions. In reference 6 1t is stated that stal-
ling of the diffuser vanes of a centrifugal compressor may be nomuniform
because of small differences between the vanes. These differences may
cause one vane to stall before the others, giving rise to a reversed
flow through that diffuser passage. This reversed flow will interfere
with the flow in the adjacent vane (in the direction of the tangential
velocity) and cause it to stall, and so on ground the compressor. After
the adJacent vane has stalled the originally stalled vane unstalls such
that air flows in through part of the impeller eye and out through the
rest of the eye. The stalled region rotates in the direction of impeller
rotetion, but more slowly. A similar phenomenon observed during stall
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with an impulse axiasl-flow compressor rotor is reported in reference 7.
The reversed flow region was detected by means of tufts on the rotor
bledes and annulus walls shead of and behind the rotor. The reversed
flow region occupied from 15 to 40 percent of the annulus ares.

Reference B réports the results of a rather extensive hot-wire
anemometer investigation on a centrifugal compressor consisting of an
inducer and impeller discharging into a vaneless diffuser. Two distinct
pulsating flow reglons separated by stable regions were found, one ini-
tiated by impeller flow Instaebility and the other, by inducer flow insta-
bility. Reference 2 reports three unstable regions separated by stable
regions of flow. Only the most severe pulsations associated with a
sharp drop in pressure ratio were audible. The type of stall phenomenon
reported by references 6 and 7 was also detected in the inducer section
of the compressor of reference 8; however, more than one stalled region
was found to exist. At some operating conditions five distinct stalled
regions were detected, and the stalled regions propagated in the direc-
tion of wheel rotation but more slowly, as was the case with the dif-
fuser stalling reported in reference 6.

The phenomenon of self propagating or rotating stall is, in general,
& different type of instebility from that associated with surge. The
various surge theories presented in the past (references 2 to 4) have
consldered the compressor as & simple one-dimensional device the flow
through which becomes unsteble when the pressure ratio has reached its
maximum for a given speed. In reality the compressor blade rows consist
of numerous diffusing passages operating in parsllel. Self propagating
or rotating stall is an instability associated with this parallel opera-
tion of blade passages, whereas surge 1s associsted with the Instability
of the compressor operating in series with & receiver and a throttle.

Inasmuch as stall is, in general, a necessary condition for surge,
the flow fluctuations of propagating stall are likely to be present in
some part of the compressor prior to surge.

The significance of the self propagating or rotating regions of
reversed flow 1s not completely understood at present. However, it is
evident that large-scale fluctuations may occur in a compressor which is
not surging audibly. Whether such large-scale inaudible fluctustions
are detrimental to the compressor remains to be determined; however,
they are a possible exciting force for blade vibrations.

In multistage axial-flow compressors, stall of any stage with local
reverse flow may have a considerable effect on the preceding and the
following stages. If the stalled region were to extend to other stages,
the through flow would be concentrated in somewhst less than the full
annulus area, thus increasing the axial veloeity in these regions.
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The purpose of this investigation at the NACA Lewls laboratory is
the further study'of the nature of the flow through single-stage and
multistage axial-flow compressors when stall end surge are encountered.
Surveys were made with hot-wire anemometers in three single -stage axial-
flow compressors with hub-tip ratios of 0.9, 0.8, and 0.5. Surge in a
16-stage axisl-flow compressor designed for a pressure ratio of 8.75 was

investigated by the use of hot-wire anemometers and pressure transducers.

APPARATUS
Single-Stage Compressor Installations

A schematic diagram of a single-stage compressor setup is shown in
figure 1. Alr entered through the orifice tank and a motor-operated
inlet throttle into a depression tank equipped with screens to provide
a uniform distribution of air at the compressor inlet. Alr was dis-
charged from the compressor into a receilver connected to the altitude-
exhaust system by two outlet pipes. The instrumentation used to obtain
over-all performance was similar to that descrlbed in reference 9.

Three single-stage configurations each with a rotor tip diemeter of
14 inches were used in this investigation: a typleal exit stage of a
multistage compressor with a hub-tip ratio of 0.9, a typical middle stage
with a hub-tip ratio of 0.8, and a. typical “{nlet stage with a hub-tip
ratio of Q.5. All stages were designed for constant enthalpy and approX-
imately symmetrical velocity diagrams at all radii except the 0.9 hubi™
tip ratio stage, which was straight bladed.with a symetrical veloclty
diagram at the pitch radius. ~ The number of blades in edch blade row of
the compressor is listed in the Ffollowing table:

Ty

Compressor| Nunmber of Number of Mumber of
hub-tip guide vanes|rotor blades|stator blades

ratio
0.9 38 31 32
.8 40 44 24

) 40 19 20

R LM et P T —

4
uy

The vector diagrams for the three single-stage compressors are
shown in figure 2. The diagrams for the:.Q.9 and 0.8 hub-tip ratio com-
pressor are design dlagrams, whereas the diagrams for the 0.5 hub-tip
ratio compressor were computed. from the test data at design speed and

weight flow.

2514
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Multistage Compressor Imnstallation

The compressor investigated was designed for a pressure retlo of
8.75 and a weight flow of 155 pounds per second with a rotor tip diameter
of 33.5 inches. The over-all performance of the compressor and a descrip-
tion of the installstion are given in reference 10.

Instruments for Detecting Flow Fluectustions

Hot-wire anemometers made of tungsten wire 0.0002 inch in diesmeter
and 0.08 inch in effective length and oriented normal to the mean flow
direction were used to measure and detect flow fluctuations. Constant
wire-temperature operation was employed by the methods described in ref-
erence 11. The amplifier incorporstes negatlve feedback such that the
anemometer resistance (and consequently tempersature) is maintained con-
stapnt. The instantanecus voltage drop across the wire necessary to
maintain 1ts resistance constant was amplifiled and recorded either on
an oscillograph or photogrsaphlcally from a cathode ray oscilloscope.

The time-sverage anemometer current was measured by an ammeter.

The method of converting the voltage fluctuation across the anemom-
eter to fluctuations in mass flow rate pV 1used in interpreting the
data 18 presented in appendix A. An audlo-frequency oscillator was used
in conJunctlon with the cathode ray oscilloscope to determine the fre-
quency of the fluctuwations.

Pressure fluctuations were measured with strain-gage-type pressure
transducers used in conjunction with a strain analyzer and a recording
oscillogreph. The pressure transducers were used to measure the fluc-
tuations in stagnation pressure.

RESULTS

The results consist largely of oscillograms of hot-wire anemometer
and pressure transducer output. An explanation of propagating stall and
a method of determing the number of stalled regions and their direction
of rotation are included in sppendix B. This information is required
for the interpretation of the test results.

Single-Stage Compressor with Hub-Tip Ratio of 0.9
Hot-wire anemometers were installed at each of two stations in the
compressor: at the pitch radius at station O sbout 1/2 inch upstream of

the inlet gulde vanes, and at the pitch radius at station 3 gbout
1/2 inch downstreem of the stator (see fig. 1).



The compressor performance map is shown in figure 3.
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The regions

where large amplitude fluctuations were first indicated by the anemom- ~
eters as the air flow was reduced are shown by the ghaded areas. A
typical oscillogram showing these fluctuations is presented in figure 4.
(The symbols used herein are defined in appendix C.) The top trace was
obtsined from the snemometer inatalled at station O upstream of the

inlet guide vanes and the bottom trace, from the enemometer installed

at station 3 downstream of the stator blades.

The signal from the

anemometer at station 3 was filtered so that flow fluctustions with a
frequency greater than 1000 cps, largely blade wakes, are not shown on
the osclllogram. The filter caused a 180° phase shift in the signal so
that & reduction in flow is indicated by a downward deflection of the
lower trace from station 3 and by an upward deflection of the top trace

from station O.
divided by the mean value ApV/pV =

The amplitude of the fluctustions in mass flow rate oV
1.2, as determined by the method of

appendix A. This 1s a rough average of the value from several oscillo-
grams and is given only to indicate the amplitude of the fluctuations.

The installstion of two anemometers at station O (one anemometer
was kept in a fixed position and the other was located at each of
several angular positions from the fixed anemometer) showed, by the
methods presented in appendix B, that there was one region of low flow
and that it was revolving sbout the axis of rotation of the compressor
at a rotative speed less than that of the compressor but in the same

direction.

The following table

compresgsor speeds:

sumerizes the hot-wire data obtained at three

Compresgsor | Frequency Number of h
rotative with which low f£low N/NQ;
speed stall passed | regions in

N/ (2 anemometer annulus

(rps) t A

(cps)

187 51 1 0.306

200 61 1 .305

233 1 1 +305

s — TS R G E, A - o el . el i - . i, -

These data indicate that the stall propagates around the axis of this
compressor at about 30 percent of the compressor speed and is evidently
much the same as the pressure-rise stall discussed in reference 7.
Reverse flow was indicated by the oscillograms obtained with a weight
flow somewhat lower than that st which the oscillogram shown in figure 4

was obtained.

2514,
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Audible surge was not encountered in the speed range for which over-
all performance was cbtailned (fig. 3). However, audible surge with a
frequency of from 10 to 15 cps was obtained at a speed N/M/B = 267. At
this speed the flow fluctuations of propsgeting stall when first encoun-
tered were intermittent, appearing and diseppearing during the flow
fluctuations of the surge.

Single-Stage Compressor with Hub-Tip Ratio of 0.8

In order to investigate the stall and surge characteristics of this
stage, two hot-wire anemometers were installed between the rotor and the
stator (station 2, fig. 1) in radiasl traversing mechanisms. Provisions
were made for locating the anemometers at each of several angular posi-
tions.

The performance characteristics of this compressor at equivalent
rotative speeds N/48 of 162 rps and 207 rps are shown in figure 5.
Stall was first encountered at the rotor tip and was indicated by an
Increase in the size of the blade wakes. An osecillogram of initisl
stall of the rotor tip and an osciliogrem of the normsl tip wake are
shown in figure 6. A slight further reduction in weight flow resulted
in a whistling sound at the point marked A on the performance curve
shown in figure 5. Oscillograms obtained at six radial positions at
point A (fig. 5) with two snemometers separated by angle o = 60°
are shown 1n figure 7. The frequency of the fluctuations was 1120 eps,
and eight stalled regions were indicated by use of the methods of appen-
dix B. The stalled regions were propagating in the direction of com-
pressor rotation. The amplitude of the fluctuations at the blade tip is
somewhat larger than that of those at the blade root. As the weight
flow was reduced to that at point B (fig. 5), the stall pattern remained
the same but the amplitude of the fluctuations at the root was increased,
with no apprecieble change at the tip.

A sharp drop in pressure ratio occurred with a slight reduction in
welght flow from point B as indicated in figure 5, and the oscillogram
taken at point C appears as shown in figure 8. The stall frequency ¢
was 59 cps and one stall reglon was indicated by the method of appen-
dix B. The amplitude of the fluctuations ApV/pV is approximately
1.3, ebout the same as with the single-stage compressor with hub-tip
ratio of 0.9 (fig. 4). '

A hysteresis loop was noted in that the sharp rise in pressure ratio
did not occur until the weight flow was increased to a value (point D,
fig. 5) larger than that at which the sharp drop in pressure ratio
occurred.
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Surge was not encountered st an equivalent compressor speed of
162 rps. The only flow fluctuations were due to the propagating stall
regions.

At & compressor equivalent rotative speed Nﬁf_' 207 the initial
tip stall occurred at point E of figure 5. "At & slightly reduced
weight flow (indicated in fig. 5) a mild audible surge was obtalned,
and the higher frequency flow fluctustions of stall appeared to be inter-
mittent on the oscillloscope screen. In order to measure the amplitude of
the low frequency surge fluctuation the output of one of the two anemom-

eters located at the rotor pltch section Qm 41% ) was filtered to

pass only those fluctuastions of fewer than 100 cps and amplified with a
d-c amplifier. The output of the other anemometer was filtered to pass
all fluctuations of fewer than 12,000 cps and was amplified with an

e-c amplifier. Motion plctures were taken of the oscilloscope screen
during the surging condition. The fluctuations during a single surge
cycle are shown in figure 9. The lower trace 1s from the anemometer
whose output was filtered to pass fluctuation with a frequency of less
than 100 cps, end the top trace is from the anemometer filtered to pass
frequencies_up to 12,000 cps. The amplitude of the surge flow fluctua-
tions ApV/pV varied somewhat from cycle to cyecle but on the average
was epproximastely 0.10. The surge frequency varied from 10 to 15 cps.
The amplitude of the fluctuations of stall varies 1in phese with the mass
flow rate variation due to surge. The maximum amplitude of the stall
fluctuation ApV/pV is gpproximately 0.6.

As the weight flow was reduced to point G the surging stopped,
leaving only the flow fluctuations of propagating stall. Figure 10
shows oscillograms obtained at 6 radial positions at this weight flow
(point G, fig. 5). The flow fluctuations are much the same in ampli-
tude as those obtained at an equivalent compressor speed of 162 rps
shown in figure 7. There were eight stalled regions propagating in
the direction of campressor rotation but at a lower speed., The fre-
quency of the fluctustions was, however, somewhat higher - 1420 cps
as compared with 1120 cps at an equivalent rotative _speed of 162 rps.

As the weight flow was further reduced the number of stalled
regions remained the game, but the amplitude of the fluctuations at
the rotor root increased. At point H of figure 5 & sharp drop in
pressure.  ratic occurred. The oscillogram. obtained at point I 1is
shown in figure 11. These are the flow fluctuations of. a. single
revolving stall with a frequency of 77 cps and the amplitude of the
fluctuations was approXimately the same at all radii.

In order to investigate the manner in which the eight stalled

regions changed abruptly at point H +to one stall at point I (fig. 5),
motion pictures were taken of the ogecilloscope while the compressor

M
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outlet throttle was being closed. Figure 12 shows the oscillogram
obtained at the time of the sharp drop in pressure ratio. The higher
frequency fluctuations are the same as those shown in figure 10 and the
large fluctuatlons at the right of the figure indicate a single large
stalled reglon the same as that shown in figure 11, but the time scale is
increased 1n figure 12 so that the wave form of the large stalled region
can be seen better. TInasmuch as the hot-wire asnemometers used indicated
magnitude of the mass flow rate only and not direction, a reversed flow
reglon would be indicated as s second peak near the center of the low
flow region, as shown in figure 12.

The followlng table summarizes the data taken on the single-stage
compressor with a hub-tip ratioc of 0.8:

Compressor |Frequency Number of| h [Point on
rotative with which stalled N/J@'compressor
speed stall passed|regions performance

N//6 anemometer A map (fig. 5)

(rps) i

(cps)

182 1120 8 0.83 A

182 59 1 .36 C

207 1420 8 .85 G

207 77 1 .37 I

Single-Stage Compressor with Hub-Tip Ratio of 0.5

In order to investigate the stall and surge characteristics of this
stege, two hot-wire anemometers were installed between the rotor and the
stator (station 2, fig. 1). The anemometers were located with angle
o = 105° each in a radial traversing mechanism.

Hot-wire anemometer data were obtained at only one compressor speed
N/V§'= 225 and the compressor performance characteristics at that speed
are shown in.figure 13. The compressor weight flow at which tip stall
was first encountered is indicated by point A in figure 13. The hot-
wire anemometer traces obtalned at three radial positions with the com-
pressor operating st point B are shown in figure 14. The frequency
of the stall was approximastely 1200 cps. Although the Ffluctuations at
the outer radial positlons are quite large, the fluctuations at
R = 0.714 are small. The dats taken were insufficient to determine the
number of stalled regions. Although the weight flow was reduced to very
low values, there was no value at which the pressure ratio dropped
sharply and the stall pattern changed sbruptly as occurred with the com-
pressor with e hub-tip ratioc of 0.8. Furthermore, surge was not detected
at any weight flow. '
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Multistage Axial-Flow Compressor

The surge and stall studies of the multlstage axial-flow compressor
were confined to low rotative speeds. With pressure trahsducers &t the
compressor lnlet stage and dlischarge annulus and two hot-wire anemometers
in the seventh stage stator, the compressor was taken into surge at an

equivalent rotative speed of 51 rps.

Figure 15 shows the stagnation pressure fluctuations at the compres-
sor inlet and discharge during surge. During each surge pulse the inlet

stagnetion pressure increased spproximately 8%-percent (AP/PO = +0.0858),

and the discharge pressure decreased approximately 17 percent
(/.\P/P3 = -0.17). The surge frequency varied from 1l to 2 cps. The pres-

sure fluctuations at the compressor inlet occur practically simultene-
ously with the fluetuatlions at the compressor discharge.

In order to show the small, higher frequency fluctuations super-
imposed on the larger surge fluctuations, the time scale i1s increased
considersbly in figure 15(b). These smaller Fluctuations are believed

to be due to propageting stall.

The hot-wire anemometer traces shown in figure 18 also show the
presence of propagating stall in the seventh stage. These data indicate
a flow fluctuation ApV/pV = +0.3 attributable to the surge pulse. The

amplitude of the flow fluctuation of the largest amplitude propagating
stall was ApV/oV = 1.2.

These data indicate that during surge propagating stall extends
throughout the compressor; however, the ddéta obtained were ingufficient
to determine the number of stalled regions.

Inasmuch as the amplitude of surge lncreased considerebly with rota-
tive speed for this compressor, an effort was made to reduce the ampli-
tude of surge and increase its frequency. To accomplish this the volume
of the recelver chamber between the compressor and the outlet throttle
was reduced to approximately one-tenth 1ts ariginsl value. Fixed-area
orifices were used as a throttle, and the compressor was operated with
the orifices choked. The operating line with the fixed-area orifice
intersected the surge line at an equivalent rotative speed N/l?’: 53.
The oscillogram of compressor discharge stegnation pressure against time
as the surge line was encountered is shown in figure 17.

Audible surge was not obtained, but small nonperiodic Fluctuations
in compressor discharge stagnation pressure were noted prior to the sharp
drop in pressure ratio which occurred as the previously established surge
line was crossed. The stagnetlion pressure at the compressor dilscharge
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decreased about 17 percent (AP/P3 = -0.17). After the sharp drop in

pressure ratio a propagating stall with a frequency of 58 cps and an
amplitude AP/P3 = -0.05 is Indicated (fig. 17). The pressure fluctu-

ation with e frequency of about 12 cps, which occurred following the
sharp drop in pressure ratio, may be due to mild surge, elthough it was
ingudible. The data taken were insufficient to positively identify this
condition as surge. A hot-wire anenometer installed in the first-stage
stator also indicated the propagating stall. These data indicate that
the propagating stall probably extended through the entire 16 stages of
the compressor, Just as was indicated in the surge data of figures 15
and 16.

The sherp drop in pressure at the surge line obtained wilth the low
volume receliver is evidently analogous to the similar phenomenon observed
in the single-stage compressor with a hub-tip ratio of 0.8.

Some indication of large amplitude fluctuations of propageting stall
in the inlet stages at weight flows somewhat larger than the flow for
surge was obtained at compressor speeds between 30 and 40 percent of
design speed.

No detailed measurements have been made to determine which stages
initiate the propagating stall or how far the phenomenon extends from
the initisting stage. However, the analysis of reference 5 indicates
that, in genersal, the inlet stages will be stalled at low compressor
speeds.

DISCUSSION OF RESULTS
Propagating Stall

Large smplitude flow fluctuations of propagating stall were observed
in each of the three single-stage compressors and the multistage com-
pressor. These data and the Information included in references 5 to 7
leave little doubt that pressure-rise stall of all hlades of a compres-
sor rotor is unstable. Propagating stzll is the result of this insta-
bility. Theory for predicting the number of stalled regions and their
propagating rate is not yet available.

The propagating stall obtained with the three single-stage compres-
sors may be separated into two types:

l. Single stall region, low frequency propagating stall. This type
of stall propagetes at approxlimately one-third rotor speed in the direc-
tion of rotor rotation; the amplitude of the flow fluctuations ApV/gV
is about 1.2 in the compressors investigated. Reversed flow was indicated
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in the middle of the stalled regions (figs. 11 and 12) in some cases.
Inasmuch as a sharp drop in compressor pressure rabio occurs simultane-
ously with the beginning of this stall, it may be considered as the low
flow limit of the efficient operating range of the stage. The flow fluc-
tuation amplitude is approximately the ‘Same at all radii wilth this type
of stall.

2. Multiple stall region, high frequency propageting stell. This
type of stall propagates at approximately 85 percent of rotor speed in
the direction of rotor rotation (figs. 7 and 10). This propasgeting stall
was inltiated by rotor tip stall and the amplitude of the flow fluctua-
tions_gssocilated with it varies with radius. The largest fluctuations
(ApV/oV = 0.7) occur at the rotor tip. This type of propagating stall
is associated with progressive stall along the rotor blade length and
consequently with a gradusl decrease in compressor pressure ratio as
weight flow is reduced rather than with the sharp decrease assoclated
wilth steall of type 1.

The dats from the single-stage compressor with hub-tip ratio of Q.9
indicate propagating stall of type 1. However, data were not obtained
with anemometers at station 2 (fig. 1) between the rotor and the stator.

The single-stage compressor with hub-tip ratioc of 0.8 exhibited
propagating stall of both types 1 arnd 2. Stall of type 2 was started by
stall at the rotor tip and persisted until type 1 occurred with its
attendent sharp drop 1n pressure ratio (see fig. 5).

The single-stage compressor with hub-tip ratio of 0.5 exhibited

only type 2 stall. Although the data obtained were insufficient to deter-

mine the number of stalled regions, the amplitude and frequency of the
flow fluctuations suggest type 2 stall. Even though the weight flow
through the compressor was reduced to very Jlow values a sharp drop in
pressure ratio did not occur. This effect may be similar to that in the
inducer section of a centrifugal pump, as explained in reference 12,
where the stalled region at the inducer tip is thought of as a ring eddy.
The eddy increases In size as the weight flow is reduced, thus keeping
the axial velocity at the blade root sufficiently high to prevent com-
plete stall of the blading.

The data obtained from the multistage compressor were not suffi-
clently complete to determine the number of stalled regions under any
condition. However, the amplitude of large fluctuations during surge _
suggests type 1 stall. The date obtained with the low volume receiver,
which apparently eliminated severe surge, also indicate type 1 stall.

indicates the low flow limit of the efficient operating range of the
compressgor.

i||;l||
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Propagating stall was confined to the front stages of the compres-
sor st welght flows larger than the flow for surge at low compressor
speeds. Although the extent to which propageting stall in any stage of
a multistege compressor affects the performance of preceding and suc-
ceeding stages 1s unknown, it séems likely that type 1 stall may have a
pronounced effect because the through flow is concentrated in somewhat
less than the full annulus ares.

The flow fluctuations of propagating stall may be an excitation
force for blade vibrations. TInasmuch as the flow fluctuation freguency
increases linearly with rotative speed, resonant vibration could be
exclted at particular compressor speeds.

Surge

The surge obtained with the single-stage compressors with hub-tip
ratios of 0.8 and 0.9 may be described as mild audible pulsations; the
flow fluctuation of surge ApV/pV with the 0.8 hub-tip ratic compressor
(see figs. 5 and 9) was sbout 0.10 at frequencies of from 10 to 15 cps.
The amplitude of the pressure fluctuations during surge was not measured
but was probebly small.

The surge obtained with the multistage compressor at N/45-= 51
with the large volume recelver was a large amplitude or severe audible
surge. Flow fluctuations ApV/pV of +0.3 and stagnation pressure
fluctuations at the compressor discharge AP/P3 of gbout -0.17 were

found at frequencies of from 1 to 2 cps (see f£igs. 15 and 16).

Iarge surge amplitude did not occur with the small volume recelver
between the compressor and outlet throttle. A sharp drop in compressor
discharge stagnation pressure occurred as the surge line was crossed at
N/J5_= 53. The amplitude of the pressure drop was about 17 percent of
the compressor discharge pressure, or gbout the same as the drop in
pressure during surge with the large recelver volume.

The data of figures 15 and 16 indicate that the mass f£low rate as
indicated by the hot-wire anemometer in the seventh-stage stator is a
maximum when the compressor discharge pressure is a minimum and that the
mess flow rate decreases as the tompressor discharge pressure increases
at the end of the surge pulse.

SUMMARY OF RESULTS
A preliminary investigetion of the flow fluctuation of blade row
stall and compressor surge_ was conducted with three single-stage axial-

flow compressors with hub-tip ratios of 0.9, 0.8, and 0.5 and & multi-
stage axial-flow compressor.
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Flow fluctustions of large amplitude associated with stall were
detected in all compressors investigated. The fluctuations were caused
by low flow regions._affecting 25 to 40 percent of the annulus area
propegating in the direction of compressor rotation, but at a lower
speed. Two apparently distinct types of propagating stall were detected.
The first type consisted of a single stalled region with reversed flow
which occurred following a sharp drop in compressor pressure ratio. The
stalled region propagéted in the direction of rotor rotation at approxi-
metely one-third compressor spzed. The second type consisted of elght .
equally spaced stalled reglons assoclated with a progressive stall along
the rotor blade span. The stalled regions: propagated in the dlrection
of rotor rotation at approximately 85 percent of _fotor speed.

Mild audible surge was obtained with the single-stage compressors
with hub-tip ratios of 0.9 and Q. 8 No audible surge was detected with
the 0.5 hub-tip ratio stage. S o _

A severe sudible surge was obtained with the multistage axial-flow
compressor. The surge polnt was coincident with the sharp drop in pres-
sure ratio due to stall.

Lewls Flight Propulsion Lsboratory
National Advisory Committee for Aeronautics
Cleveland, Chio
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APPENDIX A
METHOD OF DETERMINING FLUCTUATIONS IN oV FROM OSCILLOGRAMS

The oscilliogram of the hot-wire anemometer output is & measure of
the voltage drop across the anemometer necessary to maintain it at a
fixed resistance and consequently constant temperature. The time-average
value of the anemometer current is proportional to the time-average value
of voltage drop ascross the anemometer.

e=1IQ (A1)

The voltage drop e across the anemometer is related to the flow
rate pV past the asnemometer by the heat-transfer characteristics of a
heated wire in an air stream. Reference 14 indicates that the heat-
transfer characteristics of hot-wire anemometers can be correlated sat-
isfactorily by the following formule (King's law):

12Q = (c; + s(M)C,A/AV)(T_ - T.) (a2)
The factor g(M) is & function of Mach number, snd both C1 and C32

are determined by calibration. Solving (A2) for pV results in the
following expression:

2
_ 12Q Cy
oV = l:CZS(M)(Tw- - T.)  Cpe(M) (43)
By use of the relation e = i(2,
2
_ e2 Cl
oV = [ﬂ(fﬂw - To)a(M)Cy s(M)Cz:| (as)

If the effect of Mach number on g(M) and possible variation in T,
during a fluctuation Iin pV are neglected,

oV = g(e) (a5)

Fluctuation in pV will cause variations in e about some time-
average value e; then :

oV = gle) = g + Le) (A8)
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Inasmuch as primary interest 1s In the magnitude of the pV fluc-~
tuations compared with the average value, it will be convenlent to express
the pV fluctuvationg in terms of the voltage fluctuatlion. across the ane-
mometers as meassured from the osclllograms. Defining

= _ =2 Cy : —
Ve [:Q(Tw S5 C0em 8(M)Cz] - &) (a7)

and expanding (A6) in a Taylor series give

zll_ Slll— 4llli'é'
g(e) = &(&) + de g'(3) + (Ae)zf (B) |, (ae) i'. (®) , (2e) i'. (&)

(A8)
Using
2 2
g(®) = (e—A - ) (A9)

where

c
B = L
Cos(M)

(A end B are assumed constant during fluctuation in pV.)

1

— z
5'(e) = % [e(3)]

1
-2 2
g''(8) = 4[f(:)] + 88 (A10)

A°

HORES

gllll(_é‘) =_.2_42‘_
A

LY
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When (A10) is substituted in (A8),
L
—4 2 3 " [S(E):lzgz 2
ge) = () + =5 Hé‘;‘i) + 4(@) +<9_3)}+ m— (4¥+ 2 A—%—)
A € e e e e
(A11)
results. Rearranging (All) and dividing both sides by g(e) give
= -4 2 3 &
51——-(—)4——3) =& e) = e [4(@.9-) + 4(9_-_93 + (-Aﬁ) :}+
gle Azg(g) e e e
o Ae. Ae
- 1 [} T 2 ("é—>2] (a12)
2
Alg(=]
From (A6) and (A7),
gle) - g(®) _ oV - oV _ AoV (A13)
g(g) oV ov
The factor
@ - =2 1
1 (=2 T2 T ] B (A14)
3 e_ _ ) e - AB - %2‘
Afg(e)] A
From (A9)
AB Cln(Tw - IJ-'le)
2" 2
e )
but
eoz
1 =Q
(TW = Ta)
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When pV =0, e = e5 80

1 - 2 (A15)

€o

el (2

Substituting (A15) and (A1l3) in (Al2) yields

2 2
LoV _ L 4%e-+2(A_—e) P P 5 4<A£) +

S I R e

4‘@)3 ¥ (§>4 (a16)

e e

A plot of ApV/pV against Ae/€ for various values of eg/é 1s pre-
sented in figure 22. The mass £low rate pV 1ie zero when

2514
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APPENDIX B
EXPLANATTION OF PROPAGATING STALI. AND METHOD OF DETERMINING

NUMBER OF STALTLED REGIONS

Explanation of Propagating Stall

An explanation of propagating stall is glven in references 6 to 8.
A similar explanation is Included here for completeness.

A two-dimensional cascade of compressor blades (diffusing) is con-
sidered stalled when the maximum turning is obtained or when the maximum
value of static pressure rise divided by inlet velocity head Ap/q ‘is
reached, as indicated in figure 18. (See reference 13.) An explanstion
of the insteébility of uniform stall of all blades in the cascade may be
maede considering the two-dimensional cascade characteristics. Suppose
a compressor rotor is operating such that some blade section along the
span is at a stalled condition (pressure-rise stall) and that the stall
is uniform from blade to blade in the rotor. A local reduction in veloc-
ity at some position will cause the local flow angle 8 relative to the
rotor to exceed the stall angle and, as indicated in figure 18, the
blades subjected to the higher flow angle are incapable of supporting
the pressure rise of the rest of the blades. The flow in the affected
blade passages will consequently break down completely and the flow will
be greatly reduced and possibly reversed in direction. Because of this
reduction or reversal in flow, incoming air will be spillled to adjacent
blade passages, as shown in figure 19. This spilllage will subject the
blades on one gide of the affected passages to higher flow angles and
the blades on the other side to lower flow angles as shown. In this
manner the low flow region propagates around the annulus as indicated
in figure 20. This new flow pattern with propagesting stall is evidently
stable, but the through flow is concentrated in somewhst less than the
full annulus srea.

Method of Determining Number of Stalled Regions by Use of Two
Anemomemters Displaced Angulerly in Compressor Annulus
&

In order to derive the expression necessary to determine the number
of stalled regions by use of two anemometers displaced angularly in the
plane of instrumentation (fig. 21(a)), it will be convenient to assume
that the number of stells and their dlrection of rotation are known.

The stalled region passes each anemometer station f times per sec-
ond, end

f=hA (B1)
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The output slgnals of the two anemometers displaced angplarly o degrees TIE
appeer on the oscilloscope as shown in figure El(b). If the stalled . =
reglons are rotating clockwise as indicated in figure 21(a), stall will L.
pass each anemometer every l/f seconds, and a glven stall willl pass -

anemometer 1 first end pass anemometer 2, S:Oh seconds later. Imasmuch . . _._.

g8 the stalls are dqulte similar, one stall cannot be distinguilshed from
another, so 36d(‘)h cannot, in general, he determined from a single oscil-

logram. The phasée shift, that is, the time x, can be read directly ﬁ"
from the oscillogram. For the example shown, '

x = _ -1 (B2)
3600 T

x _.af o _
Then the ratio ﬂ'f_'__360h l_—y

Since . ’ AT oI L FE UV S A S S Do - D=
v = 360 _ h360 )
A t
then . . i e e e e SR
Q
== -1 B3 -
Y= (B3)

x—_a'__.g -
T 360h I
o1 . S e
= - = 2 »
¥y » -

Then, in general, with the stalls rotating in the direction shown in ot
figure 21(a),

(o n .

*=%on F _

and e
v = % -n (B4) *
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where n 1s the number of stalls enclosed in angle o and, consequently,
an integer. The value of y then varies with cr,/ v as shown in fig-
ure 21(c). When equation (B4) is differentiated with respect to «,

&y 1. X
ax =T = 360 (B5)
1s obtained provided or,/v is not an integer, in which case the deriva-

tive does not exist in the usual sense because y 1is discontinuocus at
these points.

If the stalls had been rotating in the direction opposite (cou.nter-
clockwise) to that indicated in figure 21(a), a stall would have passed
anemometer 2 before passing anemometer 1. For counterclockwlse rotation
the oscillograms would appear as shown in figure 21(d).. In this case,

2 o
*=F " Zeon
and
y=2-2 (B6)
v

If there had been twlce as many stalls,

o
y=3-75
and, in genersal,
y=n+l—gi (B7)
v

A plot of y against of/v is shown in figure 21(e) where n is, as
before (equation (B4)), the number of stalls enclosed in angle o and,
consequently, an integer. Differentiation of (B7) with respect to «
gives

H__i__f_ (B8)

provided cx,/v is not an integer, in which case the derivative (B8) does
not exist.

In order to determine the number of stalls A 1n any glven case,
two anemometers are needed with provision for varylng the angle o. IT
one of the anemometers is on a moveble mount such that o may be varied
conizim;ously, A can be determined unambiguously from equation (BS)
or (B8).
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When the anemometers are located in fixed positions such that o 1s ,
changed by steps, the number of stalls n included in ésch value of o e
must be considered. From equation (B4) and o

360
vETX
there 1s obtailned : e LTI st L T : e =
+
7. N : <4
Y=3o ~ - o T (39) o
[aV}
or S - e -
360 L
A= (y +n) = _
for stall rotating clockwise. From (B7), B
an
Yy=n+1 - =60
or i
360
o= (+1-vy) 4 (B10) .
for counterclockwlse rotation of the stalled regioms. ik
For various values of o, y 1is a| yln{ AF A~ -
determined from the oscillograms; then o O?d'l O}\'l
A may be computed for values of ' el R4l X+ A~
n=20,1,2,3,... k¥ by use of equa- 141711171
tions (B9) end (B1O), and tabulated as 2| 2M1 | 2A1
shown In the accompanying table. Unless 3 | zhty | =A-L
¥ 1is measured gquite accurately A may k| kAT | kA1
not be an integer; however, the nearest
integer should be tabulated. S as | ¥yo | O oXtz2 | oA-2
1| 1Mz | 1A-2
The correct value of the number of o | Ao | aA-2
stalls A end their direction or rotation 5 | shtg | zhp
will appear for every value of anemometer A+ -
spacing o and the corresponding value of klk'2 2 -
y measured from the osclllogram. If the . ol o™i on ==
1] 91 + :
rotation 1s clockwise the correct value of 1 |1 | A1
A will recur under the columm X", a#d 1if N A-
the rotation is counterclockwise the cor- 2|2 i * .
rect value of A will recur in the column . . 3| 3M1| 31
A~. If more than one value of A recurrs, k | kA g )

additional values of o must be tried to P — — . .=
determine A.
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APPENDIX C
SYMBOLS
The following symbols are used in this report:
A parameter, Q(T. - T.)Cpg(M)
B parameter, C;/Cog(M)

Cq and Csp constants in equation for heat-transfer characteristics of
hot-wire anemometer (see equation (A2))

e voltage drop across hot-wire anemometer, volts

eg voltage drop across hot-wire anemometer with zero flow,
volts

£ frequency with which disturbance passes hot-wire anemometer
or pressure transducer, cps

g( ) indicates functional relation with quantity in parentheses

h rotative speed of a propagating stall region, rps

1 current through hot-wire anemometer, amp

k,n integers (see appendix B)

N compressor rotative speed, rps

P stegnation pressure, lb/sq £t

D static pressure, 1b/sq £t

a %. pvz, 1b/sq £t

ratio of radius to tip radius
temperature, °r
rotor blade speed, ft/sec

velocity, £t/sec

= < o B 0w

veloclty relative to rotor, f£i/sec
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Subseripts:

e

- U NACA RM E52EZ28

welght flow, lb/sec
Vo/Up - : ' L . S

time between appearance of a flow fluctuation on osclllogram
from one of two anemometers and sppearance of a flow fluc-
tuation on other amemometer (see fig. 20), sec —

vz/Ut

75y

- - i -

angular displacement between two hot-wire anemometers, deg T

angle between velocity and axilel direction, deg T

compressor inlet stagnation pressure div1ded by standard =
pressure, P;/2116 T

compressor inlet stegnation temperature divided by standard ==
temperature, Ty/518.6 ' i _ _ =

number of propagating stall regions in annulus : -

engular displacement between two propagating stall regions, _ =
deg

density, slugs/cu £t - - T

mass flow rate corresponding to'time-avefage aﬁemometer ~
current, slugs/(sq ft)(sec) (see equation (A7))

resistance of hot-wire anemometer, ohms

used as subscript on T +to indicate effective gas tempera- e
ture (see eppendix A) . G e

used to--asfociate value of « and possible corresponding T
values of A (see appendix B)

rotor tip

) . . . v ',"—'_
hot-wire anemometér . L. : —

axial component : .

tangential component
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0 station at compféssor inlet (fig. 1)

1 station between inlet guide venmes and rotor (fig. 1)

2 station between rotor and stator of single-stage compressors
(£ig. 1) _ -

3 station at compressor discharge (fig. 1)

Subprescript: _

0,1,...k indicates value of n used in determining A (see appen-
dix B)

Superscripts:

+ indicates clockwise rotation of propagating stall

- indicates counterclockwise rotation of propagating stall

! (prime) indicates differentiation

C— (bar) indicates time-average value
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Figure 1. ~ Schematic diagram of compressor installation.
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Figure 2. - Contlnued.
axlal-flow compressors.
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Mean radius

R, = 0.538
R, = 0.571
RS = 0.576
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Hub

(¢} 0.5 hub-tip ratic stage.

Figure 2. - Concluded. Vector velocity dlagrams for singlé-stage axisl-flow compfessors.
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Figure 3. - Over-all performance of single-stage compressor
with hub-tip ratio of 0.9.
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(2) Blade wake at initial tip etall. ApV/S¥ = 0.3,

(b) Normal blade waks. ApV/eV = 0.1, C-29793

Flgure 6. - Comparison of blade weke at rotor tip at initial stall with normal weke for

single-stage compressor with hub-tip ratio of 0.8. R = 0.98; £ = 7130 cps; NA/ 8 = 162.
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Time . . _ C-29794

(e) R = 0.851; 4pV/6V = 0.30." "~ YR = 0.8%7; ApV/5T = 0.30.

Flgure 7. - Osclllograms showing propegeting stall smplitude variation with redius for
single-stage compressor with hub-tilp ratio of 0,8. Compresgor operating at point A
of figure 4, f = 1120; N/A/G = 162; a = 60°; A = 8. '
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C-297985
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Time

Figure 8. - Hot-wire anemometer osclllo
compressor with hub-tip ratio of 0.8,
ure 4. R = 0.937; £ = 59; N/A\/0 = 16

gream of propagating stell for single-stage
Compressor operating &t polnt C of filg-
2; @ = 30% A = 1; ApV/oV = 1.30.
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(e) R = 0.851; a = 30% ApV/oV = 0.2

Time C-29797

(£) R = 0.837; « = 30°%; ApYV/pV = 0.2.

Figure 10. - Hot-wire ansmometer osclllogram of propageting stall for single-stage

compressor with hub-tip ratlo of 0.8.
£ = 1420; N/NG = 203; A = 8,

Compressor operating at polnt G of figure 5.
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"

C-29798

—
Time.

Flgure 11, - Hot-wire anemameter oscillogram of rotating stall for single-stage:
compresgor with hub-tip ratio of. 0.8. R = 0.837; £ = 77; N/4/B = 203; a = 41%-°5
A= 1; ApV/pT =.1.2, Compressor operating at point I of figure 5,

¥1S2
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AY/oY = 0.6 Apv/eY = 1.2
£ = 1420 ' £ =77

A-B )\.1

o
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g

Figure 12. - Tranaltion from elght rotating etalls at a Prequency of 1420 opa to a single atmll at a frequenoy of 77 cpa as
outlet throttle was closed for single-stage campressor with hub-tip retlo of 0.8. N/if6 = 203,
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Flgure 13. - Over-all performance of single-stage
compressor with hub-tip ratio of 0.5. Tee fig-
ure. 14 for radial surveys at position B. Ini-
tial tip stall.is at position A. N//6 = 225.
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Figure 14, - Osclllograms
gingle-stage compressor

of figure 13. f = 1200; N/A/6 = 225,

C-29800
showlng propq_ga.tinglatall emplitude veriation with radius for
with hub-tip retio of 0.5.- Compressor operating at point B
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Compresa or discharge

- Stagnation pressure variatione at compressor Ilnlet and dlscharge during surge for multistage
NA/_- 51; large recelver volume; inlet AP/Py = +0.085; discharge AP/Pz = -0.17.
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Flgure 15, - Concluded, Stagnatlion preasure varlations at compreasor inlet and dlacharge during surge
fo;anltiatage compressor. N4/ = 5l; large recelver volume; Inlet AP/PO = +0.085; discharge
AP = ~0,17.
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. .Flgure 16. - Hot-wire a.nemomater out.put during surge; anemometer located in the aeventh
L stage statar of multistage compressor. N//0.= 51; large recelver volume; a = 1057;

surge ApV/pV = +0.3; propagating stall ApV/pV = 1.2.
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. {b) High paper speed,

Figure 16. - Concluded. Hob-wire anemometer output (11.1.;?:1.11%A gurge; anemometer located in the

8eventh stage stator of multistage compresmsor.

1; large recelver volume; a = 1069;
surge ApV/pV = 10.3; propagating stall ApV/pV = 1.2.
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Figure 17' - Stagnation pressure variation at compressor discharge as
surge line 1s crossed. Multistage compresscr. N/ /8 = b3; small
receiver volume. ,
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Figure 18. - Two-dimensional cascéde stall
characteristics.
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Rotor veloclty
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Blade beginning
to stall
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/ Blade stalled
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o) ) lade relieved of stall
W
Rotor blades

Figure 19. - Manner in which stall propagates from
blade to blade. o
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Figure 20. - Sketch indicating motion of propagseting stell.
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Anemcmeters : b
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Compressor
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Positive direction
of rotation
(clockwise)

(a) Sketch showing anemometer location and propegeting
stall in compressor annulus.
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(b} Oscillogram from cethode ray oscilloscope, ¢lockwise rotation of -
stall.
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/v

(¢) Variation of y with o/, clockwise rotation of stall.

Figure 21. - Relations necessary for determining number of
propagating stalls.
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(d) Oscillogram from cathode ray oscilloscope, counter-
clockwlse rotation of stall.
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(e) Variation of y with o/v, counterclockwise rotation
of stall.

Figure 21. - Concluded. Relatlons necessary for determining
number of propagating stalls.
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